Drosophila melanogaster larvae reared on food containing radioactive cadmium retained over 80% of it, mostly in the intestinal epithelium. The majority of this radioactivity was associated with a soluble protein of less than 10,000 molecular weight. Synthesis of this cadmium-binding protein was induced by the metal as demonstrated by incorporation of radioactive cysteine. Most copper ingested by larvae was also found to associate with a low molecular weight, inducible protein, but some of it was found in an insoluble fraction. Zinc was unable to, or very inefficient at, binding or inducing the synthesis of a similar protein.
Introduction
Copper, zinc, and cadmium are metals of great importance in biological processes. Copper and zinc are enzymatic cofactors (1) , and while cadmium is not known to be required in any physiological role, its importance derives from the fact that it is extremely toxic. The cellular mechanisms affected by cadmium seem to be multiple and may include phenomena ranging from plasma membrane transport to transcription of DNA (2) . At least in mammals, the three metals share a characteristic ability to bind to metallothionein (MT), although cadmium and zinc are most frequently associated with the protein.
The function of MT is not well understood, but it is suspected of being important either in protecting the organism from the toxic effects of cadmium or in the homeostatic storage of zinc (3) . We decided to study metallothionein in the fruit fly with the expectation that a combination of genetic and molecular analyses would increase our understanding of the physiological function and regulation of this protein. As accumulation by the larvae of Drosophila melanogaster was roughly proportional to the medium concentration. This histochemically detectable copper was found to be preferentially stored in a small region of the middle midgut although the use of a radioactive tracer showed the presence of large amounts in all regions of the midgut. Filshie et al. (5) observed the presence of copper in naturally fluorescing microbodies in cuprophilic cells of the middle midgut. Tapp (6) and Tapp and Hockaday (7) confirmed these observations by X-ray microanalysis and detected the presence of sulfur in the same structures; they also demonstrated, cytochemically, acid phosphatase in them. Thus, these organelles are cytolysosomes, as had been suspected from morphological evidence. Sohal et al. (8) observed similar organelles in the midgut epithelium of the adult house fly. It has been suggested that these microbodies play a role in the excretion of excess metals (9) .
Jacobson et al. (10) described several changes in the protein and tRNA patterns of Drosophila melanogaster following the ingestion of cadmium. More recently, these authors have detected a very low molecular weight (ca. 3000) macromolecule capable of binding cadmium in adult ffies (11) .
In this paper we review various aspects of the uptake and fate of cadmium, copper and zinc in Drosophila me- The effect on larval viability of food supplemented with different concentrations of four metal salts: CdCl2, CuS04, ZnC12, and AgNO3 is shown in Figure 1 . The LC50 for cadmium was highly dependent on the medium on which larvae were reared; thus, on standard corn meal, molasses, and killed-yeast medium or on Instant Drosophila Media (IDM) supplemented with live yeast, larvae could tolerate concentrations of CdCl2 ten times higher than when they were grown on IDM with yeast extract (YE).
Larvae labeled with the radioactive isotope '09Cd2+ were dissected in Ephrussi and Beadle's salt solution, and individual organs were transferred to vials for gamma-counting. Even after a 24 hr "chase period' more than 95% of the radioactivity was recovered in the alimentary canal (Table 1) . These results were confirmed To determine whether cadmium is concentrated in subcellular organelles, larvae were treated with cadmium, copper, or both, extracts were prepared, and lysosomal pellets and the corresponding supernatants were assayed for the metals. While a significant proportion of the total copper was found in the particulate fraction, practically none of the cadmium was (Table 2) . Copper-binding lysosomes have a distinctive ultrastructure (Fig. 2) ; although we were able to detect large numbers of the characteristic lysosomes in the middle midgut of coppertreated larvae, similar structures were not evident in the same cells of cadmium-treated larvae. Figure 4B shows that most of the copper from larvae treated with copper or copper plus zinc appeared in the CBP region, while Figure 4C shows that zinc appeared either in the VO peak with the bulk of proteins or with very low molecular weight species, probably as a free ion.
Homogenates of copper-fed larvae were also separated into cytosol and particulate fractions. Sephadex G-50 chromatography showed the majority of the metal in the cytosol fraction associated with a peak of mobility comparable to CBP The copper in the particulate fraction could not be solubilized by treatments which should release membrane-bound material (0.1% Triton X-100 or sonic probe).
Induction of 35S-Cysteine Incorporation by
CdCl2, CUSO4, and ZnCl2
Crude extracts of larvae labeled with 35S-Cys, with or without CdC12 treatment, were prepared and run in . 3) ; (B) changes, with time, in the proportion of 10Cd which is present in each of the main peaks in which it may appear after G-50 liquid chromatography. Second instar larvae were transferred to radioactive food and, at various times, samples were frozen and later tested, by column chromatography, as in the experiment in Figure 4A (C).
Accumulation of 'S in a chromatographic peak with the same elution volume as CBF The data were from a series of chromatographic profiles as the one in Figure 4 and were expressed as a percent of the total radioactivity incorporated into macromolecules, i.e., (radioactivity in Ve/radioactivity in VT and Ve x 100) (12 aThe values were obtained from column profiles as those in Figure   5 . Larvae had been treated with the metals for 48 hr before the extracts were prepared.
A! Figure  6A hybridized to the mouse MT probe at reduced stringency; (C) (lane a) northern blot of total nucleic acid from Cd-treated larvae, run in a denaturing gel with radioactive cDm51 used as a hybridization probe; (lane b) end-labeled Hae III fragments of (DX174 used as size markers (13 Figure 5C . This shows the fraction of 'S in the CBP peak plotted as a function of time. During the first 24 hr this fraction rose rapidly, then it leveled off at approximately 25%. CUSO4 and ZnCl2 were tested using a procedure similar to the one described for CdCl2. Copper induces the incorporation of radioactive Cys into a molecule which FIGURE 7 . Primary structure of MT eDNA obtained by the dideoxynucleotides sequencing method (16): (A) nucleotide sequence of the anti-sense strand of cDm51 with the predicted protein (dot marks are spaced every 100 nucleotides; some restriction enzyme sites and a polyadenylation site are marked by horizontal lines); (B) strategy used for the sequencing experiments (13) .
elutes in the same position as the CBP, but zinc does not. Table 4 summarizes these results.
Isolation of a cDNA Clone from a MetalInducible Gene
The results presented so far suggested the occurrence, in Drosophila, of a metal-inducible, metal-binding protein, and we proceeded to attempt to isolate the corresponding nucleic acid.
A cDNA library was prepared from polyadenylated RNA of larvae which had been treated with copper sulfate; this library would be expected to be enriched in sequences coding for metal-binding proteins. Duplicate nitrocellulose filter-lifts of the cDNA library were hybridized to DNA probes derived from either Cu2 -induced RNA or control RNA (plus-minus test) in order to identify clones that hybridized preferentially to the former. Since Cd2" is capable of inducing a heat-shock protein in rat embryo cultures (14) , control polyadenylated RNA was isolated from heat-shocked larvae in order to avoid selecting heat-shock protein clones. Of the approximately 10,000 plaques screened using this procedure, some showed preferential hybridization to the RNA from induced larvae. Of these, 19 were picked and plaquepurified for further analysis.
These 19 phage stocks were retested by hybridization, under conditions of reduced stringency, with the mouse MT-I cDNA probe (15) . Four of the plaques gave a stronger signal than the vector and proved to carry in-serts that were approximately 400 bp long. One of them (cDm5l) was chosen for further study and is shown in Figure 6 .
When cDm51 was used as a probe, 17 of the 19 plaques which displayed differential hybridization in the plus-minus test showed hybridization to it. On filter lifts of plates of the cDNA library, 148 out of approximately 10,000 plaques hybridized to cDm5l.
cDm5l Sequence
The strategy and results of sequencing experiments are shown in Figure 7 . We used the diagonal-traverse search computer program of White et al. (17) to compare 1 10 cDm51 and human MT-2 (18) sequences. A search in which the program was set to identify regions of at least 50 bases long, in which 58% were the same in the two species, revealed four such segments. These four segments overlap partially and taken together they span the nucleotides corresponding to amino acid residues 11 to 39 in the Drosophila sequence and 2 to 38 in the human sequence. If the stringency of the matches was relaxed to 50%, the search also found similarities between the Drosophila sequence and the C-terminal portion of the human message. Neither of these comparisons detected similarities outside of the coding region of the cDNAs. Figure 8 shows a visual alignment of the amino acid sequences of cDm51, human metallothionein II and crab metallothionein II (19) . T ; f i X l i t 0 z 0 E X V 0 V i X 1 i FIGURE 9. Photograph (A) and autoradiograph (B) of total nucleic acid samples run on an agarose denaturing gel. cDm5l was used as hybridization probe. Because of the small and well-defined size of the nucleic acid hybridizing to the probe, we believe this to be RNA and not DNA. Each lane was loaded with the nucleic acid extracted from three larvae or from organs of three larvae: (a) untreated whole larvae, (b) whole larvae treated with 0.5 mM CuSO4 or (c) 0.1 mM CdCl2. The next four lanes correspond to organs from larvae treated with 0. aAverages from three replicate dot hybridizations. The amount of nucleic acid per dot (2.5 ,ug) was within the range (2-20 ,ug) showing a linear relationship between the number of counts retained after hybridization to labeled cDm5l and the amount of nucleic acid on the filter (data not shown).
Metal Induction
An RNA that hybridized strongly with cDm5l was present in the total nucleic acids from untreated, cadmium-treated (0.1 mM) or copper-treated (0.5 mM) larvae as indicated by gel electrophoresis and ifiter hybridization. However, the amount of this RNA was much higher in extracts of metal-treated than untreated larvae (Fig. 9) . Similar results were obtained with polyadenylated RNA.
Northern blot analysis of nucleic acid extracted from organs dissected from uninduced or cadmium-induced larvae showed that most cDm51-complementary RNA was in the alimentary canal (Fig. 9) . Tissue-specific induction was also measured using dot blots ( Table 5 ) that showed that although 80% of the RNA in question was in the alimentary canal, other tissues had measurable amounts of it.
A proffle of the time course of induction of cDm51-complementary RNA was obtained by dot blot analysis of nucleic acid extracted from larvae exposed to copper sulfate (5.0 mM) or cadmium chloride (0.1 mM) for various lengths of time (Fig. 10) .
The RNA size was determined to be 400 bases by filter hybridization of northern blots (Fig. 6C) . Similar northern blots of polyadenylated RNA showed that cDm51-complementary RNA was present in copper-treated but not in heat-shocked larvae. Third instar larvae were also treated with other metals: cadmium and copper ions are effective inducers at 0.1 mM while mercury, silver and zinc require higher concentrations.
Conclusions
The results presented demonstrate that Drosophila larvae exposed to cadmium ions at a sublethal concentration retain the metal very efficiently (up to 85% of the amount ingested). Most of this retained metal (>95%) remains in the midgut epithelium (with a slightly higher concentration in the region of the cuprophilic cells of the middle midgut) and practically all of it is found in the cytosol fraction. Within 24 hr, 90 to 95% of the cadmium ingested by larvae becomes bound to a low molecular weight cysteine-containing protein that does not appear to be present prior to metal treatment; i.e., the synthesis of this protein seems to be induced by the metal.
Although the synthesis of CBP starts soon after the initiation of cadmium treatment, it takes several hours for the protein to reach a level high enough to bind most (8) and in mollusks (20) . It seems likely that these lysosomal concretions within cuprophilic cells contain the fraction of insoluble copper while the soluble fraction is distributed between the bulk of proteins and metallothionein.
The results of our experiments dealing with zinc ions demonstrated similarities as well as differences in the responses of Drosophila and mammals to this metal. As in mammals, zinc was the least toxic of the tested ions, four times less toxic than copper and 500 times less toxic than cadmium. On the other hand, zinc, even at a concentration 100 times greater than that used for cadmium, does not have the ability to induce MT synthesis in Drosophila to any detectable extent, nor does it bind to Drosophila MT in significant amounts when the protein is induced by copper. This outcome was somewhat unexpected because zinc is known to both induce and bind MT in mammals (e.g., comparable levels of induction are obtained in HeLa cells if the concentration of zinc is five times higher than that of cadmium (21) . Zinc was the only one of the three metals tested in our study that was found, to any great extent, in fractions corresponding to very low molecular weight compounds, probably in the form of free ions.
The 399 bp Drosophila cDNA fragment, cDm5l, includes 338 bp in addition to poly(C) and poly(A) tails.
There is one open reading frame beginning at position 124 which encodes a 40-amino acid, cysteine-rich, protein; a polyadenylation site (AATAAA) (22) starts 31 bp upstream of the poly-A tail. The amino acid composition and the arrangement of all 10 cysteine residues in Cys-X-Cys groups make the protein predicted from cDm5l bear strong resemblance to mammalian MTs (3). Computer-aided comparison of nucleotide sequences indicates that there is a great deal of similarity between Drosophila's cDm51 and the N-terminal portion of the structural region of human metallothionein-2 cDNA (18) . It is on this basis, as well as its inducibility with Cu2" and Cd2+, that we conclude that the cDm51 sequence corresponds to that of a Drosophila MT.
The Cys-X-Cys groups occur in strikingly similar positions in the insect and crab sequences: in Drosophila the groups start at positions 3, 9, 20, 26, and 36 and in Scylla (19) at positions 9, 20, 25, and 37. Four of the first five Cys groups in mammalian MT are also in comparable positions. This concordance is likely to reflect functional constraints and it may represent a combination of homology (common ancestry) and convergent evolution. The alignment of Figure 8 includes mismatching two of the Cys-X-Cys groups of Scylla with those of the other two MTs, but the remaining similarities seem compelling enough to validate it. This alignment also provides hints of an evolutionary appearance and disappearance of Cys-X-Cys groups that might have led to those mismatches (near positions 20, 30, and 35 ) and yet kept the spacing of these groups in the primary structure constant. To test this hypothesis and assess which similarities are the consequence of common ancestry and which are the result of convergent evolution will require the sampling of more taxonomic groups. All 20 cysteine residues in mammalian MT seem to be involved in the binding of divalent cations (23) , but only 14 of them are in Cys-X-Cys groups. Drosophila's sequence is the only one known to date in which all cysteines are arranged in Cys-X-Cys groups.
Treatment oflarvae with any of several metal ions leads to significant increases in the level of specific RNA(s) complementary to the MT clone cDm51. Given the sequence organization of cDm51 and the evidence from mammalian systems (24), we assume this RNA to be MT-mRNA. Copper and cadmium are the most effective inducers, leading to a 15-to 20-fold increase in the relative concentration of these sequences, but zinc, mercury, and silver also produce detectable increases. Nearly 80% of MT-mRNA is found in the alimentary canal, which represents approximately 10% of the whole larva, on the basis of soluble protein in extracts (25) or 20%, on the basis of total nucleic acids (unpublished observations).
The average representation of cDm5l in the cDNA library of Cu-induced larvae is 1.5% (148/10,000). Therefore, assuming an unbiased sampling of the RNA population in the cDNA library, one can estimate that MT-mRNA sequences represent 6 to 12% of the polyadenylated sequences in the alimentary canal of induced larvae. We have no evidence yet to ascertain whether the protein coded for by cDm5l is present, by itself or with others, in the peak of CBP observed after gel filtration chromatography of extracts from metal-treated larvae.
